Quantum size effects are commonly observed in semiconductor nanocrystals and quantum dots. Here, we demonstrate unexpected quantum size effects in an unusual bulk system with multiple interfaces, consisting of alternating layers of nanocrystalline silicon (nc-Si:H) and amorphous silicon (a-Si:H) material thin films. The nc-Si:H layers consist of silicon nanocrystals embedded in an amorphous matrix, with an amorphous-crystalline interface separating the two structures. Plasma-enhanced chemical vapor deposition was utilized to grow nanocrystalline-amorphous silicon superlattices with a varying thickness of the nanocrystalline layer. Strong visible photoluminescence at room temperature was deconvoluted into individual peaks. As the nanocrystalline silicon layer thickness was increased from 5 to 20 nm, the photoluminescence spectra red-shifted with the emission wavelength varying as d 2 (d is the size of the nanocrystallites), the characteristic signature underlying quantum size effects. The size d of the nanocrystals was estimated by the measured shift of the Raman peak, and could be tuned by varying the thickness of the nc-Si:H layers. High resolution transmission electron microscopy show nanocrystals with a narrow size distribution, in an amorphous matrix. We also observe long wavelength photoluminescence from interfacial states that leads to persistent photconductivity. Nanocrystalline-amorphous superlattices offer a unique pathway for synthesizing embedded nanocrystals with controlled sizes and photonic signatures.
Introduction
Silicon is the firmly established material for semiconductor devices and circuits. There is great interest in integrating opto-electronic and micro-photonic functionalities into the silicon-based platform, which has faced challenges due to the indirect bandgap nature of the silicon. For this reason allotropes of silicon and nano-structured Si have been widely investigated during the last few years as it offer an enhancement in the optical properties compared to bulk Si [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and a pathway to obtain a direct band gap. Due to the enhancement in optical properties, nanostructured Si containing embedded Si nanocrystals is finding important new applications in nano-electronic and photonic devices including transistors, memories, and silicon based light emitting structures for optoelectronics and displays units etc [12] [13] [14] [15] . The modification of c-Si structure environment is expected to induce a more efficient luminescence than is found in indirect gap bulk c-Si, and also shift the emission from 1.1 eV into the desired visible region [6, 16, 17] , a key goal in opto-electronics. Si nanocrystals offer a viable pathway for fabrication of direct band gap materials. Various methods have been employed to produce ultra-fine silicon nanocrystals such as low pressure chemical vapour deposition [18] , laser ablation [19, 20] , electrochemical anodization [5] , rf-magnetron sputtering [6, 21] , rf-Plasma Enhanced CVD [22] , microwave CVD [17] , gas phase synthesis [23] etc.
Another pathway for synthesis of Si nanocrystals with controlled size and density is by first synthesizing multilayer films of: amorphous silicon oxide (a-SiO)/SiO 2 [24] , nanocrystalline-Si (nc-Si)/SiO 2 [25] , a-Si/SiO 2 [26] , Si/ SiO 2 [27] superlattice structures with varying stoichiometry followed by subsequent processing. In a-Si/SiO 2 superlattice structures, researchers have succeded in recrystallization of a-Si by annealing it at very high temperature of 1050 °C in an ambient environment in order to passivate the dangling bonds [28] . However, SiO 2 is generally not considered to be a good candidate for device application due to its large band offset with respect to silicon. A superlattice structure with lower band offset such as a-Si:H/nc-Si:H is desirable to increase carrier mobility [29] . Such superlattice structures have also been proposed as novel transistors. Large photocurrent enhancement is also reported in these a-Si:H/nc-Si:H superlattice structures [30] . The optical absorption enhancement, from photonic and plasmonic effects, has also been reported by several groups in the nano-structured a-Si:H and nc-Si:H thin films [31] [32] [33] . In addition to the improved electrical transport properties in a-Si/nc-Si superlattices, it is of great interest to study and tailor the optical properties of these superlattice structures by controlling the structural morphology. In this paper, we report our measurements on visible photoluminescence in a-Si:H/nc-Si:H multilayer structures without any post deposition processing such as annealing at high temperature, and find strong evidence for nanocrystal quantum size effects.
Experimental details
We fabricated novel nanocrystals with controlled sizes by synthesizing nc-Si:H/a-Si:H mutilayer structures. These multilayer structures consisting of 7 layers of alternating ncSi:H and a-Si:H thin film were fabricated by the rf-PECVD (rf-plasma enhanced chemical vapor deposition) technique on Corning 1737 glass and undoped c-Si substrates. Figure 1 show the schematic diagram of these multilayer structures. In the multilayer structures, the thickness of a-Si:H layer was kept constant at 10 nm whereas the thickness of the nc-Si:H layer was varied from 5 to 30 nm. The bottom and top layer was retained to be nc-Si:H in these multilayer structures. The a-Si:H and nc-Si:H layers were prepared by varying the hydrogen dilution (R) in silane from 55% and 96% Before studying the optoelectronic properties of the multilayer structures, single layer films of a-Si:H and nc-Si:H were characterised for their structural and optoelectronic properties to assess the effect of the superlattice. The optical bandgap was measured from UV-Vis-NIR transmission spectra of thick single layer a-Si:H and nc-Si:H to be 1.8 and 2.1 eV respectively. The Raman spectra of a-Si:H films show the typical peak at 480 cm −1 corresponding to the TO mode of amorphous silicon, whereas for nc-Si:H thin films, the Raman peak shifts from 480 cm −1 towards 520 cm −1 . From the position and strength of the Raman peak in nc-Si:H films, the crystalline volume fraction is estimated to be 68%. X-ray diffraction pattern of nc-Si:H show prominent peaks corresponding to the diffraction from (111), (220) and (311) planes of c-Si, whereas a broad peak at ~ 28° was observed for a-Si:H thin films. The dark conductivity of a-Si:H and nc-Si:H are 1.59 × 10 −7 Ω −1 cm −1 and 2.35 × 10
respectively. The a-Si:H films show a high photosensitivity of ~ 4 orders of magnitude, enabling the use of a-Si:H as a photo-detector, whereas nc-Si:H thin film show a very low photosensitivity of less than 1 order of magnitude. A standard set-up was used for photoluminesence (PL) measurements with which PL spectra were recorded using a diode pumped solid state (DPSS) laser at an excitation wavelength of 405 nm and at laser power of 30 mW.
Results and discussion
The PL spectra (Fig. 2 ) of the multilayer films on both glass and silicon substrate were measured with an excitation wavelength of 405 nm. The PL emission spectra of multilayer structures is characterized by several broad and distinct peaks in the energy range 1.75-2.8 eV (~ 440-700 nm). For comparison, the PL spectra of the single layer a-Si:H (10 nm) and nc-Si:H (5 nm) thin films were also measured and are shown in Fig. 3 . No photoluminescence was observed for thin as well as thick single layer films of a-Si:H and nc-Si:H. The PL peak at ~ 445 nm (2.78 eV) was observed for all single layer films ( Fig. 3 ), multilayer films ( Fig. 2) , as well as blank glass and silicon substrates, and is due to PL from a native SiO 2 layer on the surface, corresponding to the band gap of SiO 2 .
A broad peak in PL spectra (between 500 and 550 nm) is observed for the multilayer structures with low thickness (5 and 10 nm) of nc-Si:H layers (Fig. 2) . As the nc-Si:H layer thickness is increased to 20 nm and more, several distinguishable peaks in PL spectra were observed. Further the PL peaks were deconvoluted into a number of distinct peaks keeping the ~ 2.78 eV peak position fixed for these structures on both the substrates. The deconvoluted PL spectra (intensity vs photon energy) for these structures on Si and glass substrates having 5 nm and 30 nm thick nc-Si:H layers are shown in Figs. 4 and 5. The values of peak position, maximum intensity and FWHM of these structures after deconvolution are listed in Table 1 . The positions of the different peaks on the two substrates are nearly same, suggesting that the origin of PL peaks on Silicon and glass substrates to be same. Though the relative intensity of different peaks slightly vary on the two substrates. In all the spectra, two peaks at around 2.25 eV and 2.06 eV are observed irrespective of the thickness of the nc-Si:H layer. In addition, a peak around 2.58-2.48 eV is observed for the structures with low thickness (5 and 10 nm) of nc-Si:H layer, whereas when the thickness of nc-Si:H layer is increased to 20 nm and above, the peak near 2.48 eV disappeared and an additional peak at 1.90 eV is evolved. In all these structures, the highest energy peak is also the most intense. These observation indicate that the photoluminscence in these structures might be arising due to confinement of Si nanocrystals in nc-Si:H layer between the adjacent a-Si:H layers; as the thickness of nc-Si:H layer is increased, the PL peak is evolved at lower energy or longer wavelength.
A close examination of the position of the different peaks in PL spectra (Table 1) indicates that with the increase in nc-Si:H layer thickness, the most intense PL peak shifts towards lower energy for both the substrates. To ascertain that the position of most intense peak depends upon the total thickness of the films or only on the nc-Si:H layer thickness, another superlattice structure was prepared with 20 nm thick nc-Si:H layer, however in this structure the number of layer had been increased from 7 to 11 layers. Interestingly, the peak position in PL spectra for both 7 and 11 layers structures remain almost same on both substrates, irrespective of the total thickness of the structures.
Nanocrystalline Si is composed of small crystallites of silicon embedded in an amorphous a-Si:H matrix [34, 35] . Thus by synthesizing nc-Si:H/a-Si:H superlattices with varying nc-Si:H thickness, we have the ability to tune the diameter of the nano-crystals. Since the direct imaging of the individual nano-crystals is difficult, therefore, the size of Si nanocrystals was first estimated from shift of the Raman peak w.r.t the c-Si peak at 520 cm −1 [36] . We plot the wavelength corresponding to the maximum intensity peak in PL spectra as a function of d 2 ( Fig. 6) , where d is the size of Si nanocrystallites as estimated from Raman spectra.
From Fig. 6 , it is observed that for these superlattice structures, on both glass as well as c-Si substrates, the wavelength λ of highest energy peaks, varies nearly linearly with d 2 for the low nc-Si:H layer (≤ 20 nm) thickness. According to Brus [37] , the confinement energy of semiconductor nanocrystals is proportional to the reciprocal of the square of its diameter. In our experiments as well, λ follows a linear (Fig. 6 ). For the low nc-Si:H layer thickness, 5 and 10 nm the origin of the peak at ~ 2.56 and 2.46 eV is likely to be due to the quantum confinement of the electronic wavefunctions within the nanocrystal of diameter ~ d. These observations are also supported by a blue shift in absorption edge of single layers of a-Si:H and ncSi:H films when the thickness is reduced (Fig. 7) . The results in the present experiments are thus consistent with quantum confinement effects for the low thickness of nc-Si:H layers.
However, for the higher nc-Si:H layer thickness, λ deviates from the linear relation with d 2 . Therefore, the origin of emission peaks at lower energy (higher wavelength) for thick nc-Si:H layer need to be studied further.
The PL spectra strongly suggest the existence of nanocrystals in the nc-Si layer. To directly investigate in detail, the existence of nanocrystallites and their morphology, we performed high resolution transmission electron microscopy (TEM). Standard conductive amorphous C with a C-coated conductive Cu mesh were utilized as TEM substrates. On these substrates we deposited a three-layer superlattice structure, where the nc-Si:H layer of thickness 10 nm was sandwiched between a-Si:H layer of thicknesses 10 nm. It is our expectation that the atomic structure of these TEM films are similar to the nc-Si films deposited on glass or Si. Cross sections of these films were imaged with high resolution TEM and selected area diffraction (SAD) pattern (Figs. 8,  9a, b) . Bright field high resolution TEM images (Fig. 8) clearly show Si nano-crystallites dispersed in an amorphous silicon matrix, which was further confirmed from the SAD pattern of these films as shown in Fig. 9a, b . The diffused ring confirms the amorphous nature whereas, the diffraction pattern with the appearance of bright spots on the ring confirms the nanocrystalline nature (Fig. 9a, b) . In Fig. 8 , the (111) planes of Si nano-crystallites with a spacing of 0.313 nm are clearly visible, against a mottled background from the a-Si:H. Further the distribution of Si nanocrystals is shown in Fig. 10b . It is observed that the diameter of the Si nanocrystals are mostly in the range of 4-5 nm which is in accordance with the size estimated from Raman measurements as mentioned above. The TEM images provide strong direct evidence for existence of Si nanocrystals in the nc-Si films and features of the measured PL can be ascribed to these nanocrystals. Since the films are grown in a H-rich gas mixture (of H 2 diluted SiH 4 ), we expect that the Si-nanocrystal surfaces are fully hydrogenated to passivate the Si-dangling bonds [34, 35] , and lead to high electronic-quality material. Thus the quantum confinement is due to hydrogenated Si-nanocrystals of different sizes, with the background a-Si:H not playing much of a role. Quantum confinement effects are expected to be similar to those of isolated nanocrystals. In this picture quantum confinement is not due to the lower band gap nc-Si embedded in a higher band gap a-Si:H background. Thus our picture of quantum confinement differs from the case for low-band gap unhydrogenated SiGe nanocrystals [38] embedded in higher bandgap background silicon oxide matrix.
Since both single layer a-Si:H and nc-Si:H, thick as well as thin films do not show any PL at room temperature though it is observed for multilayer structures, it is interesting to consider if the interface between the sublayers of a-Si:H and nc-Si:H in these multilayer structures play any role in observed PL. In these a-Si:H/nc-Si:H multilayer structures, the different bandgaps of a-Si:H and nc-Si:H result in band bending at the interface and therefore the optoelectronic properties of a-Si:H/nc-Si:H multilayer structures are quite different than that of single layer a-Si:H and nc-Si:H thin films; the multilayer structures fabricated using Hot Wire Chemical Vapor Deposition (HWCVD) have shown persistent photoconductivity (PPC) whereas single layer films do not show any PPC [39] . The PPC in these structures was understood as trapping of the photo-generated charge carriers at the interface between the sublayers of a-Si:H and Figure 11a , b show the rise and decay of photocurrent for the multilayer structures fabricated on Corning glass substrates used in the present study. The photocurrent was measured in coplanar geometry using Ag paste as electrodes for different light exposure time as described in our earlier publication [39] . No PPC was observed for the single layer films as well as 7 layered multilayer structures with nc-layer thickness of 5-20 nm. However, the multilayer structures with nc-Si:H layer thickness of 30 nm and the multilayer structure of 11 layers with nc-Si:H layer thickness of 20 nm show PPC (Fig. 11b) illustrated by appreciable residual photo-current when the light is turned off. The absence of PPC for low nc-Si:H layer thickness in these multilayer structures could be due to (i) insufficient absorption of light resulting in very few photogenerated carriers and (ii) due to possible tunneling of carriers between a-Si:H and nc-Si:H layers when the thickness of nc-Si:H is low (5-10 nm). As the layer thickness is increased, the band bending, depletion width and thickness of undepleted region is likely to change (due to shift in absorption edge as well as the thickness of nc-Si:H layer). This may not allow all the carriers to tunnel through and these may get trapped at the interface in between a-Si:H and nc-Si:H layers resulting in observed PPC. With increase in number of layers, the number of such interfaces increase which may result in the observed PPC for 11 layer structure with 20 nm thick nc-Si:H layer. It may be noted here that though the observed PPC in the present case is small compared to that reported for multilayer structures with thick a-Si:H and nc-Si:H layers, an increase in PPC with number of layers is similar to that reported earlier [39] . These observations suggest that the observed PL at the low energy range in these multilayer structures could be due to energy released during the recombination of these trapped carriers at the interface.
Conclusions
We have synthesized nc-Si:H/a-Si:H multilayer structures with varying thickness of the nanocrystalline Si layers. Since nc-Si:H consists of nanocrystals of Si embedded in an amorphous matrix, the size of the nanocrystals could be tuned by varying the thickness of the nc-Si:H layers. This is confirmed by photoluminescence measurements which reveal a strong feature at shorter wavelength (~ 500-550 nm) in which the PL peak wavelength λ scales as the square of the size of Si nanocrystals; d 2 , for small nc-layer thickness of 5-10 nm, strongly indicating quantum size effects.
As the nc-layer thickness increases beyond 20 nm, the PL peak energy is ~ 1.9 eV. This low energy emission seems to be due to the radiative recombination via the interface states or the defect states in between the sublayers of a-Si:H and nc-Si:H in these multilayer structures, which was also found to be responsible for the observed persistent photconductivity (PPC) in these structures. The superlattices of nanocrystalline and amorphous materials offer a unique pathway for synthesizing nanocrystals with controlled sizes and photonic signatures.
